Flexible, ultrathin, and transparent sound-emitting devices using silver nanowires film With the development of nanotechnology, the nanomaterials used for macroscopic applications are attractive and valuable. The carbon nanotube (CNT) film loudspeaker is the recent representative work. 1 When a sound frequency electrical signal was applied to CNT film, it can produce sound without vibration. [1] [2] [3] This loudspeaker was flexible, ultrathin, and transparent. Due to mixture of 1/3 metallic and 2/3 semiconducting properties of CNT, the sheet resistance of CNT is dominated by the large CNT junction resistance. The typical sheet resistance for CNT film is 200-1000 ohms/sq with an optical transmittance of 80-90%. 1 In order to drive CNT sound-emitting devices (SEDs), the high voltage (typically, 50 V) is applied which would prevent the practical application in acoustic field. Graphene and indium tin oxide (ITO) are emerging candidates. In our previous report, graphene sheets 4 and ITO (Ref. 5) can be used as ideal sound source under low driven voltage (typically, 5 V). However, a more significant improvement is needed until the ultimate limit. Recently, random networks of Ag nanowires (AgNWs) are reported to have high conductivity and transmittance, typically $13 ohms at 85%. [6] [7] [8] [9] So, we propose to use such material to make SEDs.
In this paper, ultrathin transparent AgNWs soundemitting devices (AgNWs-SEDs) with low driven voltage (typically, 4 V) are proposed, and thermoacoustic effect is observed in such metallic nanomaterial. Fig. 1 shows a schematic diagram of the fabrication process for AgNWs-SED. We use a dry transfer technology to prepare the AgNWs film. The detail method is described in supporting information. 10 A schematic of the AgNWs structure is shown in Fig. 2(a) . In this structure, AgNWs are transferred onto the supporting substrate. The electrodes are made on both sides to let a sound frequency electric signal apply on AgNWs. annealing. From images such as the one shown in Fig. 2(c) , we can measure the length and diameter of the nanowires. These data are shown in Fig. 2(e) in the form of histograms. The length varies from 7 to 25 lm with a mean of 15 lm. The diameter varies from 50 to 250 nm with a mean of 160 nm. Fig. 2(f) shows the flexibility of AgNWs film on Poly(ethylene terephthalate) (PET). Fig. 3(a) shows the acoustic platform for testing the sound emission from the AgNWs-SED. A standard microphone is used to record the sound pressure (SP) of AgNWs-SED. The distance between microphone and AgNWs-SED is 5 cm. Fig. 3(b) shows the AgNWs-SED output sound pressure increases with the increase of input power. The linear fitting line shows that the output SP has the linear correlation with the input power.
11-13 Fig. 3(c) illustrates that the value of SP decreases with the increase of the measurement distance. This result indicates that the relation between SP and the distance (r) can be shown as P rms / 1=r, [14] [15] [16] where P rms is the root-mean-square of the SP. Fig. 3(d) shows the relation between sound pressure level (SPL) and the frequency. The frequency spectrums of two AgNWs-SEDs (one on PET, another on glass substrate) are shown for comparison. The two cures are normalized to the same input power density (1 W/cm 2 ) with the frequency ranging from 100 Hz to 50 kHz. For two kinds of AgNWs-SEDs, the AgNWs on PET have better performance than that on glass. As the thickness of AgNWs is both $100 nm, this phenomenon can be explained by the substrate influence. PET has lower product j s C p;s than glass. 5 As P rms / 1= ffiffiffiffiffiffiffiffiffiffiffiffi j s C p;s p under high frequency, 12 lower j s C p;s means higher SP. The theoretical model for the AgNWs-SED device is shown in Fig. 4(a) . Our model is an air/AgNWs/substrate multilayer structure. As shown in Fig. 4(b) , the average surface temperature of AgNWs-SED increases when the power increases from 0 W to 0.2 W. The average surface temperature T can be predicted by the formula given in Ref. 2 . The results from the calculation and our experiments are in good agreement. This indicates that the principle that underlies AgNWsSEDs may be related to the thermoacoustic effect. The theoretical value of P rms can be predicted by the formula given in Ref. 4 . Fig. 4(c) shows the theoretical and experimental results of the SPL versus the frequency for AgNWs on PET. The theoretical and experimental results are in good agreement. 
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Upper bound limit of SPL is also shown for comparison. The theoretical formula of the upper bound SP is given by
where C p;g is the specific heat of air, and T 0 is ambient temperature. Based on the spherical wave assumption, the efficiency of graphene sound source can be calculated as P 2 rms =ðq g v g q 0 Þ, 14 where q g is the density of air, v g is the sound velocity in air, and q 0 is the input power. Due to the interference effects at high frequency, the ultimate efficiency becomes saturation. ). Note that the efficiency of our device is one order of magnitude lower than that of the ultimate bound.
These experimental results indicate promising applications for AgNWs-SED integrated with a liquid crystal display (LCD) screen. As shown in Fig. 5(a) , the AgNWs-SED can cover the LCD screen. Fig. 5(b) shows that the average transmittance values of AgNWs-SED on glass and PET are 83.0% and 73.5%, respectively. Fig. 5(c) shows AgNWs-SED (glass substrate) placed on the frame of a 14-in LCD screen. size of conventional, large loudspeakers can be significantly reduced (in some cases, to the nanoscale level).
In conclusion, a low driven voltage (typically, 4 V), transparent, ultrathin, felxible sound-emitting devices have been prepared by using AgNWs as sound source material. Thermoacoustic effect has been observed in such metallic nanowire material. Sound emission from AgNWs was measured as a function of power, distance, and frequency. The experimental results were in good agreement with theoretical results. Considering the advantages such as transparency, flexibility, an ultrathin profile, and no moving parts, AgNWs-SED integrated with an LCD screen has promising applications.
